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(54) Temperature-compensated piezoelectric oscillator 



(57) Disclosed is a temperature-compensated pie- 
zoelectric oscillator (1) that is easily IC packaged and 
easily adjusted after assembly, and which is adapted to 
compensate for temperature dependent frequency 
changes of a piezoelectric vibrator (9) used as the oscil- 
lation frequency determining element without the need 
for an externally connected variable reactance element. 
The oscillator (1) comprises in addition to the vibrator 
(9), an oscillator circuit (8) for driving the vibrator (9), a 



temperature sensor circuit (2) for sensing the ambient 
temperature T, and a variable power supply circuit (15) 
for applying to the oscillator circuit (8) a power supply 
voltage VDD(T) which is controlled in response to the 
sensed temperature by the temperature sensor circuit 2 
in such a way as to compensate the frequency-temper- 
ature characteristic of the vibrator (9). 
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Description 



The present invention relates to a temperature- 
compensated piezoelectric oscillator tor use in a refer- 
ence frequency source for communications equipment 
or the like. 

The analog temperature-compensated piezoelec- 
tric oscillator shown in Fig. 22(a) has conventionally 
been used as a piezoelectric oscillator circuit which is 
compensated for frequency variations due to tempera- 
ture For example, JP-A-4-1969 discloses a circuit hav- 
ing such a construction. As shown in the figure, a 
temperature-compensated piezoelectric oscillator 100 
comprises a piezoelectric vibrator 9. a Colpitts-type 
oscillator circuit 108 for driving vibrator 9, and a temper- 
ature compensating circuit network 101 to compensate 
for frequency-temperature characteristics. 

Referring now to Fig. 22(b), network 101 is con- 
structed by connecting a high-temperature compensat- 
ing circuit 101a and a low-temperature compensating 
circuit 101b in series. The high-temperature compen- 
sating circuit 101 a is made by connecting a thermistor 
RTH(T) and a high-temperature side temperature char- 
acteristic adjustment resistor RCH in series, and con- 
necting the thermistor RTH(T) and the resistor RCH in 
parallel with a capacitor CH. and the low-temperature 
compensating circuit 101b is made by connecting a 
thermistor RTL(T). a low-temperature side temperature 
characteristic adjustment resistor RCL. and a capacitor 
CL in parallel. In this arrangement, network 101 keeps 
the output frequency tout of the Colpitts-type oscillator 
circuit 108 within a predetermined range by changing 
the reactance of the Colpitts-type oscillator circuit 1 08 to 
compensate for the frequency-temperature characteris- 
tics of vibrator 9. The network 100 changes reactance in 
such a manner that the frequency-temperature charac- 
teristics of vibrator 9, for example, the cubic characteris- 
tics (refer to Fig. 3) of an AT cut crystal vibrator, is at 
least partially compensated. These circuits are soldered 
on both Ihe top and bottom sides of a circuit board 143 
(only the top side is shown in Fig. 23). and then they are 
all mounted on a resin base 144 and then housed in a 
metal cover 1 45. 

Fig 24 is another example of a prior art tempera- 
ture-compensated piezoelectric oscillator in which fre- 
quency changes due to temperature variations are 
digitally compensated. As shown, temperature-com- 
pensated piezoelectric oscillator 200 comprises a tem- 
perature sensor circuit 2 for sensing ambient 
temperature T and generating a voltage Vsens(T) in 
response to the sensed temperature, an A/D converter 
52 for converting the voltage Vsens(T) into digital tem- 
perature data, a data memory circuit 204 for putting out 
compensating data in response to the temperature 
data- a D/A converter 253 for converting the compen- 
sating data into control voltage Vcont(T), and an oscilla- 
tor circuit 119, wherein the control voltage Vcont(T), 
responsive to the ambient temperature T is used to 
control the output frequency of oscillator circuit 1 19. The 



compensating data is stored in data memory circuit 204 
beforehand in an adjustment stage during manufactur- 
ing using an external f 0 temperature character.stic 
adjustment circuit 11 and an internal data input/output 
5 circuit 10. 

As shown in Fig. 24 and Fig. 25. further connected 
to the oscillator circuit 1 19 are a piezoelectric vibrator 9. 
a voltage regulator circuit 3. an f Q adjustment circuit 7, 
a variable reactance element 202. and an output buffer 
w 12 The f 0 adjustment circuit 7 adjusts a reference fre- 
quency f 0 in response to frequency setting data 
received from data memory circuit 204. The frequency 
setting data, which is used to compensate frequency 
deviation due to manufacturing variations of vibrator 9. 
is is stored beforehand into data memory circuit 204 
through external adjustment circuit 1 1 and internal data 
input/output circuit 10 in a way similar to the way in 
which the compensating data is stored. The variable 
reactance element 202 changes its reactance in 
20 response to the control voltage Vcont(T) and compen- 
sates the frequency-temperature characteristics of 
vibrator 9. In this manner, the oscillation frequency of 
oscillator 200 is kept to within a predetermined range by 
variable reactance element 202. The oscillator 200, as 
ss shown in Fig. 26. may comprise vibrator 9. variable 
reactance element 202, and a temperature-compen- 
sated oscillator IC 241 into which the rest of the circuitry 
is integrated. These three components are typically 
mounted on a lead frame 242 and packaged integrally 
30 into a plastic mold 240. 

In oscillator 100 and oscillator 200, to compensate 
for frequency-temperature characteristics and thereby 
achieve a high-accuracy frequency characteristic, reac- 
tance needs to be precisely changed in response to the 
35 ambient temperature T. To this end, temperature-com- 
pensating circuit network 101 and variable reactance 
element 202 are installed externally to oscillator circuit 
108 or 119, respectively. 

Generally, oscillator 100 employs bipolar transistors 
40 which exhibit smaller changes in frequency over wider 
ranges of temperature as compared to CMOS devices, 
and along with these, resistors and thermistors of a high 
resistance and a high accuracy and capacitors of a 
large capacitance and a high accuracy are used. Qen- 
45 erally speaking, these components are difficult to inte- 
grate into an IC structure; thus, discrete components 
must be used in oscillator 100. A large component count 
results, presenting difficulty in miniaturization of the 
oscillator. Since the components are soldered onto the 
so top and bottom sides of a circuit board 143, mounting 
through reflow is impossible. Furthermore, production 
efficiency is hindered by a clumsy procedure required to 
adjust network 1 01 . According to this procedure, tempo- 
rary resistors for RCH and RCL are installed, the tem- 
55 perature characteristic of the oscillator is determined, 
and then the temporary resistors are replaced by per- 
manent resistors RCH and RCL of appropriate values. 

On the other hand, oscillator 200f may comprises 
no more than vibrator 9. variable reactance element 202 
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and IC 241. thereby promoting miniaturization to some 
extent Production efficiency is also promoted to some 
extent because adjustment of the means for tempera- 
ture compensation may be done easily by storing com- 
pensating data and frequency setting data in data 5 
memory circuit 204. Unfortunately, variable reactance 
element 202. typically a varicap diode, is required but is 
difficult to integrate into a CMOS IC. Even >f variable 
reactance element 202 is integrated, precise compen- 
sation of frequency-temperature characteristic is more ,o 
difficult because an integrated element is greatly .nfer.or 
to an external element with respect to l.neanty and 
dynamic range. 

Mere substitution of a digital circuit such as f 0 
adjustment circuit 7 for analog variable reactance ele- is 
ment 202 is not practicable because, unlike compensa- 
tion for static variations of elements at an initial setting, 
compensation of dynamic variations such as frequency- 
temperature characteristics is corrupted by no.se due to 
discrete jumps in digital compensate data when rt 20 
changes in response to ambient temperature T. 
Because mere substitution of digital compensate for 
analog compensation is not practical, oscillator 200 
essentially requires an external analog variable reac 
tance element 202. This limits min.atunzation and 2s 
increases manufacturing costs. 

The present invention has been developed to 
resolve these problems. It is an object of the present 
invention to provide a temperatiire-compensated piezo- 
electric oscillator that is easily packaged .n an IC and .s so 
easily adjusted after its assembly. 

These objects are achieved with a temperatore- 
compensated piezoelectric oscillator as claimed .n 
claim 1. Preferred embodiments are subject-matter ot 
the dependent claims. 

In the oscillator as claimed in claim 1. when the 
oscillation frequency of a vibrator varies in response to 
the ambient temperature, a power supply voltage 
applied to an oscillator circuit is changed in response to 
the ambient temperature, and the oscillation frequency 40 
is changed in response to the change of the applied 
power supply vottage. As a result, the oscillate fre- 
quency of the entire oscillator is kept to within a prede- 
termined range by compensating the frequency" 
temperature characteristics of the vforator. Further- 46 
more since the frequency-temperature character.st.es 
are compensated by changing the applied power supply 
voltage, the installation of a variable reactance element 
external to the oscillator circuit is no longer required. 
This arrangement allows each circuit element o the so 
temperature-compensated piezoelectric oscillator to be 
easily integrated in CMOS process, and thus IC packag- 
ing of the oscillator is easier. 

In the embodiment according to claim 2. since com- 
pensating data is stored in the data memory means and ss 
is read in response to the ambient temperature and the 
applied power supply voltage is changed according to 
the compensating data, the applied power supply volt- 



age needed to compensate the frequency-temperature 
characteristics of the vibrator is easily generated. 

In the embodiment according to claim 3. the com- 
pensating data is stored in the data memory means and 
is read and based on the read compensating data and 
the ambient temperature, the supply voltage needed to 
' compensate the frequency changes associated with at 
least one of the linear coefficient A. the quadratic coeffi- 
cient B and the cubic coefficient C is easily generated 
In the embodiment according to claim 4, only a multipli- 
cation coefficient G and an addition constant H consti- 
tute the compensating data, thereby greatly reducing 
the required capacity of the data memory means. Thus, 
the size of the temperature-compensated piezoelectric 
oscillator is further reduced. 

In the embodiment according to claim 5. data such 
as the compensating data is fed from the outside after 
the manufacturing of the temperature-compensated 
piezoelectric oscillator. As a result, there is no need for 
replacement of any internal circuit element, and circuit 
characteristic differences due to manufacturing varia- 
tions can be adjusted on an individual basis. Namely, an 
integrated temperature-compensated piezoelectnc 
oscillator in an IC package results, permitting mass pro- 
duction, reducing manufacturing cost, and facl.tat.ng 
adjustment procedures after assembly. 

It may happen that the reference frequency (the 
characteristic frequency at a reference temperature) of 
the vibrator used in the temperature-compensated pie- 
zoelectric oscillator may deviate from a desired fre- 
quency due to manufacturing variations. In the 
embodiment according to claim 6. the deviation of the 
reference frequency is easily compensated based on 
the frequency setting data associated with the particular 
vibrator and thus the accuracy of the oscillation fre- 
quency is increased. If the frequency setting data .s 
allowed to be modified after the temperature-compen- 
sated piezoelectnc oscillator is assembled, the adjust- 
ment of the oscillation frequency is easily performed in 
the mass-produced IC piezoelectric oscillators after 
they are assembled. 

Generally, the oscillator circuit tends to have a nar- 
row oscillation margin and an increased oscillation cut- 
off voltage at a high temperature. In the embodiment 
according to claim 7, however, an oscillation margin is 
assured even at a high temperature since the applied 
power supply voltage is increased in response to the 
rise of the ambient temperature. 

In the embodiment according to claim 8, the l.miter 
circuit limits the applied power supply voltage fed to the 
oscillator circuit to a predetermined range of change. 

In the embodiment according to claim 9, the l.miter 
circuit limits the applied power supply voltage fed to the 
oscillator circuit to a voltage lower than the power sup- 
olv voltage provided to the temperature-compensated 
piezoelectric oscillator. As a result, the oscillator circuit 
is much less sensitive to fluctuations in the power sup- 
ply voltage of the temperature-compensated piezoelec- 
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trie oscillator. This results in a more stable oscillator 
circuit. 

In the embodiment according to claim 10, the limiter 
circuit limits the applied power supply voltage to the 
oscillator circuit to a voltage higher than the oscillation 
cutoff voltage. As a result, a wider margin of oscillation 
is provided for a stable temperature-compensated pie- 
zoelectric oscillator. 4H«tom 

In the embodiment according to claim 1 1, the tem- 
perature-compensated piezoelectric oscillator is minia- 
turized and adapted to mass production. 

In the embodiment according to claim 1 2, for exam- 
ple the size of the temperature-compensated piezoe- 
lectric oscillator is reduced, allowing the oscillator to be 
packaged into a resin mold such as a plastic mold and 
to be adapted to mass production, resulting in an easy- 
to-handle temperature-compensated piezoelectric 
oscillator. 

In the embodiment according to claim 13, the size 
of an entire temperature-compensated piezoelectric 
oscillator is reduced, allowing the entire oscillator to be 
housed in a package such as a ceramic package, and to 
be adapted to mass production, resulting in an-easy-to- 
handle temperature-compensated piezoelectric osc.Ha- 

^ Preferred embodiments of the invention will be 
described in detail below with reference to the drawings, 
in which: 
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Fig. 1 



Fig. 2 



Fig. 3 



Fig. 4 
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Fig. 6 



is a block diagram showing a tem- 
perature-compensated piezoe- 
lectric oscillator according to one 
embodiment of the present inven- 
tion. 

is a diagram showing an example 
of an oscillator circuit and the 
connections between the oscilla- 
tor circuit and its peripheral cir- 
cuits. 

is a diagram showing an example 
of the frequency-temperature 
characteristics of a piezoelectric 
vibrator such as an AT cut crystal. 

is a diagram showing an example 
of the frequency-power supply 
voltage characteristics of an 
oscillator circuit. 

is a block diagram showing a 
example of data stored in a data 
memory circuit. 

is a block diagram showing an 
example of a function generator 
circuit. 
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Fig. 15 



Fig. 16(a) and (b) 
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55 Fig. 18 



is a diagram showing an example 
of a D/A converter. 

is diagrams showing circuits of 
variable gain amplifiers. 

is a diagram showing an example 
of the output voltage-temperature 
characteristics of a temperature 
sensor circuit. 

is a diagram showing an example 
of the output voltage-temperature 
characteristics of a function gen- 
erator circuit. 

is a diagram showing an example 
of a temperature function supply 
voltage generator circuit. 

is a diagram showing an example 
of the output voltage-temperature 
characteristics of a temperature 
function supply voltage generator 
circuit. 

is a diagram showing an example 
of the frequency-temperature 
characteristics of a temperature- 
compensated piezoelectric oscil- 
lator in response to modif ied gain 
setting data. 

is a diagram showing an example 
of the frequency-temperature 
characteristics of a temperature- 
compensated piezoelectric oscil- 
lator with and without tempera- 
ture compensation. 

is a perspective view showing an 
example of the construction of a 
temperature-compensated piezo- 
electric oscillator. 

are block diagrams showing other 
examples of a function generator 
circuit. 

is a diagram showing an example 
of the output voltage-temperature 
characteristics of the function 
generator circuit of Fig. 16. 

is a block diagram of a tempera- 
ture-compensated piezoelectric 
oscillator according to another 
embodiment of the present inven- 
tion. 
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Fig. 19 



Fig. 20 



Fig. 21 



Fig. 22 



Fig. 23 



Fig. 24 



Fig. 25 



Fig. 26 
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is a block diagram showing an 
example of data stored in a data 
memory circuit for use in the tem- 
perature-compensated piezoe- 
lectric oscillator of Fig. 18. 

is a block diagram showing an 
example of the frequency-tem- 
perature characteristics of the 
temperature-compensated piezo- 
electric oscillator of Fig. 18. 

is a diagram showing an example 
of the frequency-temperature 
characteristics of the tempera- 
ture-compensated piezoelectric 
oscillator of Fig. 18 with tempera- 
ture compensation. 

is a diagram showing an example 
of a prior art analog temperature- 
compensated piezoelectric osal- 
lator. 

is a perspective view showing an 
example of the construction of the 
temperature-compensated piezo- 
electric oscillator of Fig. 22. 

is a block diagram showing an 
example of a prior art digital tem- 
perature-compensated piezoe- 
lectric oscillator. 

is a diagram showing the oscilla- 
tor circuit of the temperature- 
compensated piezoelectric oscil- 
lator of Fig. 24 and the connec- 
tions between the oscillator circuit 
and its peripheral circuits. 

is a perspective view showing an 
example of the construction of the 
temperature-compensated piezo- 
electric oscillator of Fig. 24. 

Fig 1 is a block diagram showing a temperature- 
compensated piezoelectric oscillator 1 according to a 
first embodiment, comprising a temperature sensor cir- 
cuit 2, an oscillator circuit 8, a piezoelectric vforator 9, 
an output buffer 12. a variable power supply circuit 15. 
and a data input/output circuit (data input means) 0. 
The oscillator 1 is designed to connect to an external f c 
temperature characteristic adjustment circuit 11 during 
an adjustment step after assembly. 

As shown in Fig. 2. the electrodes at both ends of 
the vibrator 9 are connected to junction G and junction 
D of the osciilator circuit 8, which are connected to the 
gate and the drain of a CMOS inverter 33. respectively. 



The vibrator 9 is constructed of a commonly used AT cut 
crystal and has a frequency-temperature characteristic 
such as that illustrated by curve (a) in Fig. 3. The fre- 
quency-temperature characteristic may be approxi- 
mated by the following polynomial, 

A f/f D = A(T-25) + B(T-25) 2 + C(T-25) 3 (D 

where T represents the ambient temperature. f 0 repre- 
sents an oscillation frequency (hereinafter referred to as 
••reference frequency") at 25°C (hereinafter referred to 
as "reference temperature"), Af represents the fre- 
quency deviation f(T) - f D . and Af/I D represents a nor- 
malized frequency deviation. 

To keep the normalized frequency deviation wrth.n a 
tolerance of ±2.5 ppm (hereinafter <*"^ 0 ™T; g ?! 
range") over a temperature range from -10 to -r€0 C as 
shown by dotted box (b) in Fig. 3. components of the 
oscillator 1 . to be described below, is set to compensate 
the frequency deviation AM 0 arising from the linear 
coefficient A of the equation (1), that is, portion of the 
variation of frequency deviation Af/f 0 that decreases 
with increasing ambient temperature T. 

As shown in Fig. 2. the oscillator circuit 8 comprises 
CMOS inverter 33 with feedback resistor Rf between 
drain and gate, acapacitor Cg that determines the reac- 
tance of the gate (input) side of the CMOS .nverter 33. 
and a capacitor Cd that determines the reactance of the 

drain (output) side. Also, as shown in Fig. 1 and Fig. 2. 
CMOS inverter 33 is connected to a temperature func- 
tion supply voltage generator circuit 6 of the vanable 
power supply circuit 15 that provides a vanab e supply 
voltage VDD(T) to the CMOS inverter 33. The f Q adjust- 
ment circuit 7 used for adjusting the reference fre- 
quency f D is connected to junction G. Output buffer "12 
Ld to increase output drive and to isolate oscillator 
circuit 8. is connected to junction D. 

By changing the power supply voltage VDD(T) to 
oscillator circuit 8, a voltage-dependent reactance com- 
ponent such as the capacitance between terminals of 
CMOS inverter 33 can be changed, thereby changing 
the reactance of the entire oscillator circuit 8. As a 
result oscillator circuit 8 is provided with a frequency- 
temperature characteristic such as that shown in Fig. 4. 
wherein the normalized frequency deviation AM Q 
increases with increasing power supply voltage VDD(T). 
namely, the normalized frequency deviation is propor- 
tional to the power supply voltage VDD(T). Frequency 
compensation can be provided by taking advantage of 
this frequency characteristic of oscillator circuit 8. More 
specifically, oscillator 1 can provide temperature com- 
pensation by raising the power supply voltage of oscilla- 
tor circuit 8 in proportion to the ambient temperature T. 
thereby compensating for the rightward downwardly 
inclined portion of the normalized frequency deviation 
Af/f 0 of vibrator 9. 

Incidentally, it is to be noted that there are three dif- 
ferent types of normalized frequency deviation. A first 
type (the one to be compensated) is the normalized fre- 
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quency deviation Af/f D of the vibrator itself. The second 
type (the compensating one) is that of the oscillator cir- 
cuit as it would be if not influenced by deviations in the 
vibrator The third type (the compensated one) is that 
([fout-fout(T=25°C)]/fout(T=25°C)) of the actual oscil- 
. lation frequency tout of the entire oscillator circuit, i.e., 
that of oscillator 1 as a whole. With this understanding, 
the normalized frequency deviation of the oscillator cir- 
cuit, as the term is used in the preceding paragraph, 
represents the second type of normalized deviation: the 
oscillation frequency of the oscillator circuit that would 
be observed if the characteristic frequency of the vibra- 
tor were constant (temperature independent). 

Variable power supply circuit 15, shown in Fig. 1, 
comprises voltage regulator circuit 3, data memory cir- 
cuit 4, function generator circuit 5, supply voltage gener- 
ator circuit 6, and f 0 adjustment circuit 7. Voltage 
regulator circuit 3 generates reference voltage Vreg for 
function generator circuit 5, providing a supply voltage 
that remains relatively unaffected by voltage variations 
in the power supply voltage of oscillator 1. The power 
supply for oscillator 1 is conventional and well under- 
stood in the art; therefore, it is not shown in the figures 
to simplify the illustrations. 

The data memory circuit 4 may be constructed of 
non-volatile semiconductor memory such as that pro- 
vided by an EEPROM and, after assembly of the oscil- 
lator 1, adjustment circuit 11 external to oscillator 1 is 
connected to the data memory circuit 4 via data 
input/output circuit 10, as shown in Fig. 1. In this man- 
ner, compensating data may be written and stored in 
data memory circuit 4. As shown in Fig. 5, this data 
comprises offset setting data 21 (addition constant) for 
adjusting the offset for compensation of frequency-tem- 
perature characteristics of vibrator 9, gain setting data 
22 (multiplication coefficient) for adjusting the slope of 
compensation, and frequency setting data 23 for adjust- 
ing the reference frequency f G - 

Gain setting data 22 determines the slope of control 
voltage Vcont(T), to be described later, with respect to 
changes in ambient temperature T (refer to Fig. 10). 
Gain setting data may be expressed in three bits, repre- 
senting any value from (000) 2 to (111) 2 . for example. 
Offset setting data 21 compensates for any shift in volt- 
age at the reference temperature that may occur as the 
gain or the slope of control voltage Vcont(T) is adjusted. 
Offset setting data may be expressed in five bits, for 
example. Frequency setting data 23 compensates for a 
shift in the oscillation frequency of oscillator circuit 8 at 
the reference temperature with respect to the reference 
frequency f D to be set during the adjustment step, and 
is expressed by n bits, say n=8 where n is equal to the 
number of switch elements 32-1 to 32-n in f Q adjust- 
ment circuit 7, shown in Fig. 2. 

The values for setting data 21 . 22, and 23. stored in 
data memory circuit 4, are established to match the fre- 
quency-temperature characteristics of each vibrator 9 
used in a respective oscillator 1 to compensate for vari- 
ations from vibrator to vibrator by means of adjustment 



circuit 1 1 . After the values for setting data 21 , 22 and 23 
are have been established, that is, after the adjustment 
procedure following assembly is completed, adjustment 
circuit 11 is electrically disconnected from the oscillator 
5 *» 

The f Q adjustment circuit 7, connected to junction G 
of' oscillator circuit 8 as shown in Fig. 2, compensates 
for manufacturing variations in the reference frequency 
f 0 of vibrator 9, by changing the capacitance at the gate 
10 side of CMOS inverter 33. This change in capacitance 
changes the reactance of oscillator circuit 8, thereby 
adjusting reference frequency f 0 of the oscillator circuit 
8. As shown, f Q adjustment circuit 7 comprises a plural- 
ity of capacitors 31 -1 to 31 -n, each capacitor connected 
is in series with a respective one of a plurality of switches 
32-1 to 32-n. The ON/OFF states of switches 32-1 to 
32-n are controlled by frequency setting data 23 in data 
memory circuit 4. Specifically, reference frequency f Q of 
oscillator circuit 8 is adjusted by changing the capaci- 
20 tance between the gate of the oscillator circuit 8 and 
ground (between nodes A and B shown in Fig. 2) by 
switching on one or more of the plurality of capacitors 
31-1 to 31 -n in accordance with the value of frequency 
setting data 23. 
25 Temperature sensor circuit 2 comprises a tempera- 
ture sensor that makes use of the forward voltage char- 
acteristic of a semiconductor P-N junction, and is 
designed to generate a temperature-dependent voltage 
VsensfT) as a function of ambient temperature T. The 
30 temperature-dependent voltage Vsens(T) varies nearly 
with respect to ambient temperature T as shown in Fig. 

9. . „ fi 

Function generator circuit 5, as shown in Fig. 6, 
comprises two D/A converters 24 and 25, and a variable 
35 gain amplifier 20. Function generator circuit 5 generates 
control voltage Vcont(T) in response to reference volt- 
age Vreg from the voltage regulator 3, temperature- 
dependent voltage Vsens(T) from temperature sensor 
circuit 2, and offset setting data 21 and gain setting data 
40 22 from data memory circuit 4. Control voltage Vcont(T) 
is passed to supply voltage generator circuit 6. 

D/A converters 24 and 25, implemented as R-2R 
ladder-resistor-type D/A converters as shown in Fig. 7, 
convert offset setting data 21 and gain setting data 22 
45 stored in data memory circuit 4 into an analog offset set- 
ting voltage Vo and an analog gain setting voltage Vg, 
respectively. These two analog voltages are passed to 
variable gain amplifier 20 which, as shown in Fig. 8(a), 
is a differential amplifier driven by reference voltage 
50 Vreg from the voltage regulator circuit 3. The slope of 
Vcont(T) is controlled by the gain of variable gain ampli- 
fier 20 which in turn is controlled by gain setting voltage 
Vg. The slope of Vcont(T) is further controlled by the 
slope of the temperature-dependent voltage Vsens(T) 
55 from temperature sensor circuit 2. The voltage Vcont(T) 
is set to a predefined voltage at the reference tempera- 
ture by adjusting the difference between temperature- 
dependent voltage Vsens(T) and offset setting voltage 
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Vo. Control voltage Vcont(T) is passed to supply voltage 
generator circuit 6. 

As discussed above and as shown in Fig. 9. the 
temperature-dependent voltage Vsens(T) varies line- 
arly with respect to ambient temperature T. Variable 
gain amplif ier 20 also provides control voltage Vcont(T) 
which varies linearly with respect to ambient tempera- 
ture T By adjusting the gain of amplifier 20 via voltage 
Vg the slope of control voltage Vcont(T) as a function of 
ambient temperature T can be modified. Similarly, by 
adjusting the offset of amplifier 20 via voltage Vo. the 
value of control voltage Vcont(T) at a reference temper- 
ature can be modified. As discussed above, voltages Vg 
and Vo are generated in response to gain setting data 
and offset setting data stored in data memory circuit 4, 
respectively. Thus, the slope and intercept of control 
voltage Vcorrt(T) as a function of ambient temperature T 
is controlled by setting data stored in data memory cir- 
cuit 4 For example, as shown in Fig. 10, when gain set- 
ting data 22 has a value (000) 2 . the slope of control 
voltage VcontfT) with respect to temperature is small. 
As the value of gain setting data 22 increases, the slope 
of control voltage Vcont(T) increases. 

The supply voltage generator circuit 6. comprising a 
differential amplifier 28, a control transistor 29, and a 
limiter circuit 30 as shown in Fig. 11. generates power 
supply voltage VDD(T) which is proportional to control 
voltage Vcont(T). Limiter circuit 30 keeps power supply 
voltage VDD(T) within a predetermined range of volt- 
ages. By limiting the range of power supply voltage 
VDD(T) limiter circuit 30 prevents a deterioration of the 
frequency-power supply characteristic of oscillator cir- 
cuit 8 that would otherwise occur when the power sup- 
ply voltage VDD(T) rises to a level near the power 
supply voltage of oscillator 1, and also prevents a ces- 
sation of oscillation of oscillator circuit 8 that would oth- 
erwise occur when power supply voltage VDD(T) falls to 
a level at or below the oscillation cutoff voltage. 

Unlike the temperature characteristics of the control 
voltage Vcont(T) shown in Fig. 10. the power supply 
voltage VDD(T) is bounded by upper and lower voltages 
as shown in Fig. 12. Generally, the oscillator circuit 8 
tends to have a narrower oscillation margin and a raised 
oscillation cutoff voltage at higher temperatures. By var- 
ying the power supply voltage VDD(T) in proportion to 
the control voltage VcontfO within the predetermined 
range, the power supply voltage VDD(T) is set to a 
higher level at higher temperatures, thereby increasing 
the oscillation margin of the oscillator circuit 8 at a 
higher temperatures. 

As already described, during adjustment ot tne 
oscillator 1 after its assembly, the offset setting data 21 . 
the gain setting data 22. and the frequency setting data 
23 are stored in data memory circuit 4, as shown in Fig. 
5 by means of f 0 temperature characteristic adjustment 
circuit 11. For a given vibrator 9, the normalized fre- 
quency deviation [fout-fout(T=25°C)]/fout(T=25°C) of 
oscillator 1 will vary as a function of gain setting data 22 
in a manner similar to that shown in Fig. 13. The exact 



temperature characteristic also depends on the combi- 
nation of the temperature characteristic of the power 
supply voltage VDD(T), described above with reference 
to Fig. 12, and the frequency characteristic of the oscil- 
5 lator circuit 8, described above with reference to Fig. 4. 
Namely, by modifying the value of the gain setting data 
22, the frequency-temperature characteristic of the 
oscillator 1 is changed. 

Therefore, it is possible to compensate for a range 
io of the frequency-temperature characteristics caused by 
variations among individual vibrators 9 by selecting an 
appropriate value for the gain setting data 22. For exam- 
ple if vibrator 9 has the normalized frequency deviation 
characteristic shown in Fig. 3, power supply voltage 
is VDD(T) has the temperature-gain characteristics shown 
in Fig. 12. and oscillator circuit 8 has the frequency-volt- 
age characteristic shown in Fig. 4, then oscillator 1 has 
the frequency-temperature characteristic of curve 

(000) 2 shown in Fig. 13 when gain setting data 22 has a 
so value of (000) 2 . Further, in this example, oscillator 1 has 

the frequency-temperature characteristics of curves 

(001) 2 and (1 1 1) 2 'n response to gain setting data hav- 
ing values equal to (001) 2 and (1 1 1) 2 . respectively. 

Referring now to Fig. 14, curve (a) represents the 
25 frequency-temperature characteristics of oscillator 1 
without temperature compensation. This characteristic 
corresponds to the normalized frequency deviation 
characteristic of vibrator 9. shown in Fig. 3. A power 
supply voltage VDD(T) having the temperature charac- 
so teristic of line (1 1 1) 2 shown in Fig. 12 is fed to the oscil- 
lator circuit 8 as a function of the ambient temperature T 
by setting the value of gain setting data 22 equal to 
(1 1 1) 2 . The oscillator circuit 8 changes its oscillation fre- 
quency according to the frequency-voltage charactens- 
35 tics shown in Fig. 4. thereby compensating the 
frequency-temperature characteristics of the vibrator 9, 
represented by curve (a) in Fig. 14. As a result, the 
oscillator 1 exhibits the frequency-temperature charac- 
teristic represented by curve (c) in Fig. 14, which is 
40 within the target range designated (b). As mentioned 
above box (b) represents a target range ol +2.5 ppm 
over a temperature range from -10 to +60 °C. It can now 
be appreciated that the same method may be used to 
provide temperature compensation for another oscilla- 
45 tor 1 incorporating a vibrator 9 having a frequency-tem- 
perature characteristic different from that of the vibrator 
9, described above and illustrated in Fig. 3. 

All of the above-described components in the oscil- 
lator 1 except for vibrator 9, may be constructed using 
so elements that are easy to integrate into an IC structure; 
therefore, all of these components may be implemented 
in a single temperature-compensated piezoelectric 
oscillator IC 41. Furthermore, the IC 41 together with 
the vibrator 9 can be mounted on a lead frame 42 as 
55 shown in Fig. 15 and then packaged integrally into a 
plastic mold 40. Such packaging is attractive because 
the size of the entire oscillator 1 can be reduced, and 
the ease of manufacturing and handling can be 
enhanced. Reliability is improved as a result of IC struc- 
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ture, and mass production helps reduce the manufactur- 
ing cost. 

Since the frequency-temperature characteristics of 
oscillator 1 are compensated by changing the power 
supply voltage VDD(T), an external variable reactance 
element, as required in the prior art, is no longer 
required. Therefore, all circuit elements in the oscillator 
1 may be incorporated into a single IC structure which, 
for example, is easy to manufacture in a CMOS proc- 
ess,. 

Temperature compensation may also be provided 
for oscillator 1 by a single set of data stored in the data 
memory circuit 4, provided the single set of data 
matches the characteristic of the vibrator 9 in use. More 
particularly, the single set of data comprises gain setting 
data 22 (a multiplication coefficient) and offset setting 
data 21 (an addition constant), both constituting the 
compensating data, and frequency setting data 23. This 
single set of data may be stored in 1 6 bits, for example, 
where the gain setting data 22, offset setting data 21 
and frequency setting data 23 are represented by 3 bits, 
5 bits, and 8 bits, respectively. Sixteen bits of storage is 
substantially smaller than that required in the prior art 
digital oscillator 200 shown in Fig. 24, therefore, minia- 
turization and cost reduction of IC 41 are promoted. 

As explained above, data such as the compensat- 
ing data is entered into the oscillator 1 from an external 
source after oscillator 1 is manufactured; therefore, dif- 
ferences in circuit characteristics due to manufacturing 
variations can be individually adjusted without replace- 
ment of internal circuit elements. Because of this fea- 
ture, the IC 41 can be mass produced. Mass production 
and simplified adjustment procedures both help reduce 
manufacturing costs. 

As described above, the limiter circuit 30 limits the 
power supply voltage of the oscillator circuit 8 to the pre- 
determined range. By limiting the power supply voltage 
of the oscillator circuit 8 to a maximum predetermined 
voltage level that is lower than the power supply voltage 
of oscillator 1 , the oscillator 1 becomes more reliable 
and less sensitive to variations in the power supply volt- 
age of the oscillator 1 . By limiting the power supply volt- 
age of the oscillator circuit 8 to a minimum 
predetermined voltage level that is higher than the oscil- 
lation cutoff voltage, oscillator 1 becomes more stable 
and less likely to stop oscillating because of low voltage 
conditions. 

In the embodiments discussed above, gain adjust- 
ment is achieved using D/A converter 25, shown in Fig. 
7 and Fig. 8(a), which is an R-2R ladder-resistor-type 
converter. An alternative gain adjusting technique, 
shown in Fig. 8(b), utilizes current sources 26-11 to 26- 
In. By switching each of these current sources ON/OFF 
as desired, current may be controlled digitally. 

As an alternative to the structure shown in Fig. 6, 
the function generator 5 may be implemented as shown 
in Fig. 1 6(a) using a circuit that performs frequency con- 
trol in response to an external control voltage Vc pro- 
vided by a source outside the oscillator 1 . Such a circuit 



may, for example, be implemented by an adder 27. 
Referring to Fig. 16(a), the adder 27 changes the con- 
trol voltage Vcont(T) as shown in Fig. 17 by additively 
and subtractively combining the control voltage Vc with 
5 the offset setting voltage Vo for the variable gain ampli- 
fier 20. In this way the frequency-temperature charac- 
teristic of the oscillator circuit 8 can be shifted upward or 
downward in level. Since in this arrangement the refer- 
ence frequency f 0 of the oscillator circuit 8 is adjusted 
10 by the external control voltage Vc, the f 0 adjustment cir- 
cuit 7 as shown in Fig. 1 , 2 and 18 is not required. The 
adder 27, if connected to the output side of the variable 
gain amplifier 20 as shown in Fig. 16(b), provides an 
effect substantially the same as described above. 
is In one embodiment of the oscillator 1, the variable 
power supply circuit 15 is designed to compensate for 
only that part of the normalized frequency deviation 
Af/f 0 of vibrator 9 represented by the linear coefficient A 
in polynomial (1), discussed above. A more precise 
20 compensation may be achieved across a wider range of 
the ambient temperature T in other embodiments by 
including compensation for that part of the frequency 
deviation Af/f Q represented by the quadratic coefficient 
B and, optionally, the cubic coefficient C. 
25 Fig. 18 is a block diagram of a temperature-com- 
pensated piezoelectric oscillator 50. which represents 
another embodiment of the present invention that is 
capable of providing compensation for the linear, quad- 
ratic and/or cubic coefficients in polynomial (1). In the 
30 oscillator 50, a variable power supply circuit 51 com- 
prises some of the features of variable power supply cir- 
cuit 15 shown in Fig. 1 and some of the features of the 
prior art oscillator 200 shown in Fig. 24. 

Specifically, the variable power supply circuit 51 , as 
35 shown in Fig. 18, comprises an A/D converter 52 for 
converting an analog temperature-dependent voltage 
VsensfO from a temperature sensor circuit 2 into digital 
temperature data, a data memory circuit 54 for provid- 
ing digital compensating data in response to the digital 
40 temperature data, a D/A converter 53 for converting the 
digital compensating data into an analog control voltage 
Vcont(T), and a temperature function supply voltage 
generator circuit 6 and an f Q adjustment circuit 7, both 
of which are identical to respective circuits in the varia- 
45 ble power supply circuit 1 5 shown in Fig. 1 . 

The data memory circuit 54, as shown in Fig. 19, 
stores temperature characteristic compensating data 55 
for compensating the frequency-temperature character- 
istics of the vibrator 9 and stores frequency setting data 
so 23 that is identical to that stored in the data memory cir- 
cuit 4 in Fig. 5. As will be appreciated, an adder (like 27 
in Fig. 16(b)) may be provided between D/A converter 
53 and supply voltage generator circuit 6 in order to 
control f 0 by means of a control voltage Vc as explained 
55 above for the first embodiment. In such case adjustment 
circuit 7 and frequency setting data in data memory 54 
are not required. The compensating data 55 varies as a 
function of the ambient temperature T and is arranged 
in memory according to respective digital temperature 
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data received from the A/D converter 52. That is, com- 
pensating data that corresponds to a respective temper- 
ature is itored in memory circuit 54 a an address 
corresponding to that respective temperature so that a 
sensed temperature, as received from the temperature 5 
sensor circuit 2 through A/D converter 52. may be used 
,o determine the address from which the compensate 
data for that sensed temperature can be read. The com- 
pensating data stored at a particular address in memory 
circuit 54 provides the appropriate value of the control ,o 
voltage Vcont(T) for a respective ambient temperature T 
corresponding to that address. The appropriate value of 
Vcont(T) is that voHage required to compensate for the 
frequency-temperature characteristic of the vibrator 9 in 
the oscillator 50. For example, as shown in Fig. 20 the 75 
normalized frequency deviation Af/f G of vibrator 9 is 
compensated at each ambient temperature (in the 
directions of the arrows in the figure) so as to obtain for 
oscillator 50 a compensated normalized frequency del- 
ation [tout- fout(T=25°C)]/fout(T=25°C) that close to 20 
zero across the desired temperature range. The tme 
and procedure for storing these data 55 and 23 into the 
data memory circuit 54 are the same as those 
described above for storing the data into data memory 
circuit 4 of oscillator 1 . In other words, after assembly of 25 
the oscillator 50 the required data are established by 
measurement using adjustment circuit 11 and input to 
the data memory circuit 54. 

In the variable power supply circuit 51 . the compen- 
sating data is read from the data memory circuit 54 in so 
response to the temperature-dependent voltage 
Vsens(T) provided by the temperature sensor circuit 2. 
the digital compensating data is converted into the ana- 
log control voltage Vcont(T) by the D/A converter 53 
and the power supply voltage VDD(T) is vaned by *e ss 
supply voltage generator circuit 6 in response to the 
control voltage Vcont(T). The supply voltage generator 
circuit 6 changes the reactance of the oscillator crcurt 
1 9 to compensate for the frequency-temperature char- 
acteristics of the vibrator 9; thus, the frequency-temper- 40 
ature characteristics of the oscillator 50 are varied so as 
to achieve temperature compensation. For example, the 
frequency-temperature characteristic of the vibrator 9 
shown in Fig. 20. having a normalized frequency dev.a- 
tion Af/fo of approximately ± 1 8 ppm across a tempera- 
ture range from -40°C to + 80°C. is compensated to 
obtain for oscillator 50 an overall frequency-temperature 
characteristic as shown in Fig. 21. having a normahzed 
frequency deviation of approximately ±0.3 ppm across ^ 
the same temperature range. 

The oscillator 50 is able to obtain a more precise 
compensation across a wider a range of ambient tem- 
perature T than is obtained in the oscillator 1 because 
the compensation provided in oscillator 50 accounts for 
the normalized frequency deviation M/f c associated 55 
with the quadratic coefficient B and the cubic coefficient 
C of polynomial (1) in addition to the deviat.on associ- 
ated with the linear coefficient A of the vibrator 9. 



The present invention is not limited to the above- 
described embodiments, but may be embodied .n many 
forms. 

For example, the data memory circuits 4 and 54 
may be implemented by memory circuits of the electri- 
cally erasable type, the ultraviolet erasable type, the 
fuse type or the like, in addition to the semiconductor 
type such as the EEPROM described above. 

In another embodiment, if the offset setting data 21 
in the data memory circuit 4 and the compensating data 
55 in the data memory circuit 54 are established to 
account for the shift in the reference frequency f Q due to 
variations among individual vibrators 9. then the fre- 
quency setting data 23 and the f Q adjustment c.rcurt 7 
are not needed and may be omitted. 

Alternatively, in yet another embodiment, the f 0 
adjustment circuit 7 may be connected to the drain of 
the CMOS inverter 33 rather than to the gate as dis- 
cussed above and shown in Fig. 2. 

Preferably, a temperature sensor for use in the tem- 
perature sensor circuit 2 will have a substantially linear 
slope with respect to temperature. Some examples of 
suitable sensors include devices which measure tem- 
perature using the threshold voltage of a semiconduc- 
tor, the forward voltage of a P-N junction or the 
resistance of a thermistor. 

Both oscillator 1 and oscillator 50 may be housed 
entirely in a ceramic package rather than the plastic 
mold 40 discussed above. The ceramic package offers 
the same advantages of miniaturization and mass pro- 
duction as that provided by the plastic mold. 

The examples and techniques discussed above are 
described by way of example only and do not represent 
limitations on the present invention, the scope of which 
is set forth in the following claims. 



Claims 

1. A temperature-compensated piezoelectric oscilla- 
tor comprising 

a piezoelectric vibrator (9) having frequency- 
temperature characteristics, 
an oscillator circuit (8) for driving the vibrator 
(9) and for changing the oscillation frequency in 
response to a power supply voltage (VDD(T)) 
applied to the oscillator circuit, 
a temperature sensor circuit (2) for sensing the 
ambient temperature of the vibrator (9), and 
a variable power supply circuit (15; 51) respon- 
sive to said temperature sensor circuit for gen- 
erating said power supply voltage so as to 
change, in response to ambient temperature 
changes, the oscillation frequency of said oscil- 
lator circuit (8) to compensate the frequency- 
temperature characteristics of said vibrator (9). 

2 The oscillator according claim 1 , wherein the varia- 
ble power supply circuit (51) comprises data mem- 
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ory means (54) for storing for a plurality of different 
ambient temperatures respective compensating 
data, and means (52; 53) for reading from said data 
memory means compensating data corresponding 
to the ambient temperature sensed by said temper- 5 
ature sensor circuit (2), wherein the variable power 
supply circuit is adapted to change said power sup- 
ply voltage (VDD(T) in response to the compensat- 
ing data read from the data memory means. 

10 

The oscillator according claim 1 , wherein 

the frequency-temperature characteristic of 
said vibrator (9) is approximated by a function 

f(T) = A(T-25)+B(T-25) 2 +C(T-25) 3 ^ 

wherein T represents the ambient tempera- 
ture T, A is a linear coefficient, B is a quadratic coef- 
ficient and C is a cubic coefficient, 

the variable power supply circuit (15) com- 20 
prises data memory means (4) for storing compen- 
sating data for compensating frequency changes 
corresponding to at least one of the three terms of 
the function f(T), and 

the variable power supply circuit generates 25 
said power supply voltage (VDD(T)) based on the 
compensating data read from the data memory 
means and the ambient temperature sensed by 
said temperature sensor circuit (2). 

30 

The oscillator according to claim 3, wherein said 
compensating data includes a multiplication coeffi- 
cient G and an addition constant H, and 

the variable power supply circuit (15) is 
adapted to generate said power supply voltage 35 
(VDD(T)) corresponding to a linear function 
V(T) = G(T) + H. 

The oscillator according to claim 4, wherein said 
variable power supply circuit (15) includes variable 4c 
gain and variable offset amplifier means (20) having 
an input terminal connected to said temperature 
sensor circuit (2), a gain control input terminal 
adapted to receive a gain control voltage (Vg) rep- 
resenting said multiplication coefficient, and an off- 4t 
set control input terminal adapted to receive an 
offset control voltage (Vo) representing said addi- 
tion constant. 

The oscillator according to any of claims 2 through 5< 
5 further comprising data input means (10) for 
receiving data from a source (1 1) outside the oscil- 
lator and for allowing said data to be stored into the 
data memory means (4; 54). 

5 

. The oscillator according to any one of claims 2 
through 6, wherein the data memory means (4; 54) 
further holds frequency setting data, and the oscil- 
lator further comprises: 



deviation compensating means (7) respon- 
sive to said frequency setting data for compensat- 
ing any deviation of the characteristic frequency of 
said vibrator (9) at a reference temperature from a 
desired frequency. 

8. The oscillator according to any one of claims 1 
through 6, further having a control input terminal for 
receiving a control voltage (Vc) and adder means 
(27) for adding said control voltage to said power 
supply voltage (VDD(T)) for compensating any 
deviation of the characteristic frequency of said 
vibrator (9) at a reference temperature from a 
desired frequency. 

9. The oscillator according to any one of claims 1 to 8, 
wherein the variable power supply circuit (15; 51) 
raises said power supply voltage as the sensed 
temperature rises. 

10. The oscillator according to any one of claims 1 
through 9, wherein the variable power supply circuit 
(15; 51) further comprises a limiter circuit (30) that 
limits the range of said power supply voltage 
(VDD(T)). 

11. The oscillator according to claim 10. wherein the 
upper limit of said range is set to a voltage lower 
than the power supply voltage to the temperature- 
compensated piezoelectric oscillator (1 ; 50) itself. 

12. The oscillator according to claim 10 or 11, wherein 
the lower limit of said range is set to a voltage 
higher than an oscillation cutoff voltage of the oscil- 
lator circuit (8). 

13. The oscillator according to any one of claims 1 
through 12, wherein components other than the 
piezoelectric vibrator (9) are integrated into a one- 
chip IC (41; 241). 

14. The oscillator according to claim 13. wherein the 
one-chip IC is packaged along with the piezoelec- 
tric vibrator (9) into a mold (40). 

15. The oscillator according to claim 13, wherein the 
one-chip IC is housed along with the piezoelectric 
vibrator (9) into a package. 
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[FIG. 2] 
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(54) Temperature-compensated piezoelectric oscillator 



(57) Disclosed is a temperature-compensated pie- 
zoelectric oscillator (1) that is easily IC packaged and 
easily adjusted after assembly, and which is adapted to 
compensate for temperature dependent frequency 
changes of a piezoelectric vibrator (9) used as the oscil- 
lation frequency determining element without the need 
for an externally connected variable reactance element. 
The oscillator (1) comprises in addition to the vibrator 
(9), an oscillator circuit (8) for driving the vibrator (9), a 



temperature sensor circuit (2) for sensing the ambient 
temperature T, and a variable power supply circuit (15) 
for applying to the oscillator circuit (8) a power supply 
voltage VDD(T) which is controlled in response to the 
sensed temperature by the temperature sensor circuit 2 
in such a way as to compensate the frequency-temper- 
ature characteristic of the vibrator (9). 
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